We propose an alternative scheme for a tunable THz radiation source generated by relativistic electron bunches. This technique relies on the combination of dispersive selection and flat electron bunch. The dispersive selection uses a slit mask inside a bunch compressor to transform the energy-chirped electron beam into a bunch train. The flat beam transformation boosts the frequency range of the THz source by reducing the beam emittance in one plane. This technique generates narrow-band THz radiation with a tuning range between 0.2 -4 THz. Single frequency THz spectrum can also be generated by properly choosing the slit spacing, slit width, and the energy chirp.
We propose an alternative scheme for a tunable THz radiation source generated by relativistic electron bunches. This technique relies on the combination of dispersive selection and flat electron bunch. The dispersive selection uses a slit mask inside a bunch compressor to transform the energy-chirped electron beam into a bunch train. The flat beam transformation boosts the frequency range of the THz source by reducing the beam emittance in one plane. This technique generates narrow-band THz radiation with a tuning range between 0.2 -4 THz. Single frequency THz spectrum can also be generated by properly choosing the slit spacing, slit width, and the energy chirp.
Accelerator-driven terahertz (THz) sources have attracted immense interest over a broad range of disciplines due to their ability to produce a high power, tunable radiation within compact footprint 1 . Accelerator-based THz sources combine a sub-picosecond relativistic electron bunch with an electromagnetic radiative process, e.g., the beam could either pass through a foil radiator to emit coherent transition radiation (CTR) or travel through a dipole to emit coherent synchrotron radiation (CSR) [2] [3] [4] . The total spectral intensity of the emitted radiation from an electron bunch consisting of N electrons through a radiative electromagnetic process is given by 5 :
where ω = 2πf (f is the frequency),
dωdΩ e is the single electron spectral intensity and B 0 (ω) = N k=1 e iωt k is the bunching factor, where t k is the the longitudinal time coordinate of the k th electron inside the bunch. Other broad-band THz schemes include advanced acceleration schemes such as laser-driven plasma acceleration and iondriven acceleration 6, 7 . Narrow-band THz sources uses a variety of techniques such as corrugated waveguide 8 , emittance exchanger 9 , modulating the drive laser 10,11 , echo-based 12 , or dielectric based 13 schemes. In this letter, we propose a simple scheme for THz generation using a slit mask in an dispersive region of a linear accelerator to generate up to 4 THz using a 50 MeV beam. The achievable frequency range span 0.2 -4 THz. All this scheme requires is a photoinjector and a bunch compressor both of which are a standard components at almost all modern and planned future linear accelerators.
Magnetic bunch compressor are commonly incorporated in accelerators that drive free-electron lasers (FEL) to enhance the electron bunch peak current. Generating a train of sub-picosecond bunches using dispersive scraping in a chicane (four dipoles bending angle +,-,-,+) or a) jtobin@fnal.gov in a dogleg (two dipoles separated by a drift) bunch compressor has been developed elsewhere 14, 15 .
FIG. 1. Schematic of the THz beamline:
The RF photoinjector consist of a gun and two solenoid lenses (L1, L2). After existing the gun, the electron beam is acceleration off-crest in the RF cavity. This energy-chirped beam is focussed using the quadrupoles (Q1, Q2, Q3) and then enters a chicane and is intercepted by a set of slit mask (MS) at the center. After the slit mask, some electrons are scattered while other pass through the chicane. At the end of the chicane transversely separated electron beam are transformed into longitudinally separated train of bunches. Blue (head) is higher energy and red (tail) is lower energy. The beam is focussed on the CTR aluminium foil (Z) using the quadrupole doublet (QX, QY)to extract the THz. The round to flat beam transformer (RTFB) section of the linac has three skew quadrupoles representd by diamond to generate a flat beam for multi-THz. There is another skewquad (SQ) close to the center of the chicane for diagnostics. Figure 1 illustrate the principle of the proposed method. An electron beam is generated from a photoinjector and is then accelerated by a radio-frequency (RF) cavity. During acceleration, the electron beam gets an energy chirp -a time-dependent energy variation. The energy-chirped beam is then sent through a straight section of the linac that includes quadrupole magnets (Q1, Q2, Q3 in Fig. 1 ) and then to the bunch compressor. At the center of the bunch compressor, the bunch is intercepted by a slit mask (MS) which selectively scatters some of the electrons while other electrons are transmitted through the rest of the chicane. At the end of the chicane, such transversely separated beamlets are transformed into a train of short bunches longitudi-nally. The spacing between the bunches and the length of each bunch is determined by several factors such as the dispersion of the chicane (η), the transverse betatron spot size of the beam at the mask, the width of the slit mask (w), the uncorrelated relative beam energy spread (σ u ) and the RF-energy chirp on the beam (h). The formula that relates the length of the bunch at the exit of chicane to the width of the slit is given by 16 :
, where σ z is the output bunch length, R 56 is the longitudinal dispersion of the chicane, ∆X =
is the rms width of the mask, ε is the natural beam emittance, and β is the betatron function at the mask. It can be seen that when hR 56 is large, the output bunch profile follows the mask profile (∆X). This can be done by making |1 + hR 56 | >> 1. For a chicane in our convention R 56 < 0 (z > 0 corresponds to the tail) , therefore by setting h < 0, the output bunch profile can be made to follow the mask profile. This technique is limited by the initial slice energy spread and emittance of the beam. We note that same function can also be reached by setting h << −2
R56
, which can become very large and impractical and in certain cases lead to overcompression. The above equation also indicates that to get a bunch train one should ensure that the betatron spot size at the slit mask is less than the slit width (εβ << (∆X)
2 ). This can be done by properly setting the quadrupole magnet triplet (Q1, Q2, Q3) located upstream of the chicane to the right current setting. In order to reveal the longitudinal structure, the skew quadrupole (SQ) can be powered on that couples the x-dispersion into the y-plane and therefore the vertical (y) axis on the screen downstream is transformed into a time axis 17 . Finally, we note that this scheme allows for pulse shaping other than a train of pulses: for e.g. a triangular wedge shaped collimator can be used to generate ramped bunches that have application in advanced accelerator-type applications.
Hence, in our scheme the magnetic chicane effectively acts to decompress the bunch. By dispersing the beam inside the chicane, an x−z correlation is introduced at the center of the chicane, where x is the transverse position of the particle and z its longitudinal position of the particle. Due to this high correlation, any variation in x is then mapped onto z. This scheme is different from 16 where differential spoiling is used at high energy (few GeV) to generate femtosecond x-rays. Our scheme differs from it in two aspects: the low energy of our beam allows us to stop or scatter much of the beam using metallic slits and the bunch compressor is set to decompression. Also, our intrinsic relative energy spread is fairly high compared to that scheme because of the low energy of the beam. As mentioned above, our scheme differs from 15 by using a chicane instead of a dogleg and using the RF chirp as the tuning variable instead of using quadrupoles and an energy slit. We note that our scheme is more efficient since there is already an energy-chirp imparted naturally due to the longitudinal space-charge forces when the bunch exists the photoinjector that is favorable to our scheme (head is at high energy and tail is at lower energy) before it enters the RF cavity. We show through tracking simulation that our scheme can generate tunable, coherent sub-THz (i.e around or less than 1 THz) radiation. The particle tracking program ELEGANT 18 was used for simulating the beam line. All the bending magnets are rectangular magnets. In all the simulation shown in this paper, CSR is taken into account. Nominal values for slit width and slit spacing along with the beam and chicane parameters are shown in Table. I. The initial phase-space distributions are assumed to be Gaussian. A linear energy chirp is assumed to be imparted by the RF-cavity. This is a fairly good approximation considering we are operating far from the off-crest with a decompressing phase. We note that in a laboratory beam the phase-space out of the photoinjector might still be distorted and further simulations are planned to understand such effects. Figure 2 shows the current profile and the corresponding frequency spectrum from tracking simulation with and without the slits inside the beam line. When the slits are out, we get a single long, decompressed Gaussian bunch and the frequency spectrum obtained does not extend into the THz frequencies and is limited by the long bunch length. However when the slits are inserted, we obtain a train of short bunches and the frequency spectrum has a fundamental and its harmonics with a narrow bandwidth. The relationship between the number of bunches in a train, the period of the bunch train, the rms width of the bunch and the frequency spectrum is given in 9 . By tuning the RF-chirp on the electron beam prior to the chicane, the fundamental THz frequency can be tuned. The upper limit of the THz frequency is limited by the uncorrelated relative energy spread and the normalized emittance of the beam.
While the slit-based technique is capable of generat- ing sub-THz frequencies, it is non-trivial to go above 1 THz without additional complexity. In order to go above the THz barrier, one needs smaller mask width but then the emittance requirement becomes challenging (εβ << (∆X)
2 ). Figure 3 illustrates the effect of the normalized emittance on the formation of the bunch train for a given slit spacing. In order to get a bunch train, the spacing between the bunches (∆T ) must be larger than the bunch duration of the individual bunches (σ t = and c is the speed of light. As shown in Fig. 3 , lower emittance beam allows bunch train formation by producing shorter individual bunches for a fixed ∆T . One way to achieve low emittance would be to operate the linac at a lower charge (10 pC) but when going through the slits most of charge (upto 90%) could be lost. Another way to achieve low emittance in one plane only for e.g. in the horizontal plane is through flat-beam transformation. In order to generate a flat beam, the photocathode is immersed in an axial magnetic field which generates a magnetized electron beam. After acceleration, a set of three skew quadrupoles (RFBT in Fig. 1) , is used to transform the magnetized beam into a flat beam. Such flat-beam transformation have been studied theoretically and demonstrated experimentally 19, 20 . A flat beam ratio of ε x : ε y of 100 has been experimentally demonstrated at low energies using the Fermilab A0 photoinjector. Note the product of the emittances ε x ε y remains constant before and after the flat-beam transformation. Therefore, to achieve the required boost in the THz frequency and break the sub-THz barrier, we use flat-beam transformation in the linac. In order to demonstrate this, we use ELEGANT simulation. We use an emittance ratio of 100 and 400 which is consistent with simulation 21 . The results shown in Fig. 4 indicates that the use of flat beam transformations helps to generate higher THz frequencies for a given slit spacing and width. The flat-beam transformation not only extends the maximum THz frequency but also improves the bunch form factor at lower frequencies as well. A scan over various emittance ratio and RF-chirp shows that frequencies as high as 4 THz can be obtained. In a superconducting linac, the RF-chirp can be controlled in a very precise manner with longitudinal feedback systems. Thus combining flat-beam technique, which can be done in any modern photoinjector linac using appropriate skew quadrupole magnets and a chicane equipped with a transverse mask, we can generate tunable multi-THz frequencies. In order to extract the THz radiation outside the beam pipe, we use a quadrupole doublet (QX, QY) followed by a CTR aluminium foil (Z shown in Fig. 1 ). Our simulation shows that a rms (round) spot size of σ r =0.2 mm on both planes can be obtained at the screen using the doublet. This implies an upper cut-off frequency due to the transverse spot size of f u ∼ γc 2πσr of 23 THz which is well above our highest frequency of our scheme (γ=100 at 50 MeV ). While both the fundamental frequency and its harmonics are present in the bunch due to the flat-beam transformation, sometimes only a single THz frequency might be preferred by users. This can be done by choosing the appropriate slit spacing and the width and supplying the correct RF-chirp. Figure 5 shows the effect of varying the slit-spacing (D) by choosing smaller-width slits (20 µm) and RF-chirp. For this simulation, all other parameters remaining constant (Table. I), a flat beam ratio of ε x : ε y =1:400 was used 21 . Proper choice of slitspacing and RF-chirp allows a tunable range of 1-4 THz with a single frequency THz spectrum. A movable plate mounted with slits of different width and different spacing can easily be accommodated in a stepper motor controlled actuator to add this useful feature to the machine.
In summary, we have proposed and investigated via computer simulations a THz generation scheme that combines dispersive selection with flat electron beams. The advantage of this technique is its simplicity, tunability and low cost. The scheme does not require any additional hardware such as lasers, undulator, transverse deflecting cavity. Our scheme can be readily deployed in any linac that uses low energy compression such as ASTA 22 , FLUTE 23 . By using low emittance beam via flat-beam transformation in only one plane, tunable THz source covering 0.2 -4 THz can be achieved. This scheme is also scalable to any superconducting linac as the only requirement is that the slit material should be able to withstand the heat load due to the multi-pulse structure of the electron bunch. Currently, experiments are planned at Fermilab's ASTA facility using this scheme and we anticipate this technique to be useful for other accelerators.
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